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NOMENCLATURE 

d diameter of a droplet in a spray sample, m 

d30 volume mean diameter of spray, (Ed3/Nt)1/3, m 

d20 surface mean diameter of spray, (Ed2/N,)1/2, m 

d32 Sauter mean diameter of spray, Ed3/£d2, m 

dd diameter of the liquid disc formed by impinging drop, m 

D hydraulic diameter of heater surface, m 

G liquid mass flow rate per unit surface area, kg/m2.s 

hfg latent heat of vaporization, J/kg 

1 vertical length of the heater, m 

L vertical length of the confined heater array, m 

N rate of droplets impinging per unit area, 

N= 6.V/(T.d30
3), /m2.s 

Nt total number of droplets in the spray in a sample time 

Pa ambient pressure, N/m2 

Ps stagnation point pressure of air flow field, N/m2 

q" heat flux, W/m2 

q"c critical heat flux, W/m2 

s spacing between the array and the confining plate, m 

Tw surface temperature, K 

Tsat saturation temperature, K 

ub velocity of growing bubble surface, m/s 

v average spray droplet velocity, m/s 

V volume flow rate per unit area of heater, m3/m2.s 

ß spreading ratio, dd/d20 

8 initial macrolayer thickness, m 

p, liquid density, kg/m3 

pv vapor density, kg/m3 

a surface tension, N/m 

VI 



1. INTRODUCTION 

The future of superconducting and low temperature MOS (metal-oxide semiconductor) 

electronics holds a great deal of promise. In some cases, the reductions in device sizes and the 

increased efficiency for liquid nitrogen temperature (LNT) operation may outweigh the cost. The 

most immediate applications will be in situations where a cryogenic liquid is readily available. 

In that case, the cryogen can be used as the heat transfer fluid and the size and weight of the 

onboard electronics can be reduced by an order of magnitude. However, the successful 

application of cryogenic cooling to electronics requires that the appropriate heat transfer 

characteristics be known. This is the main objective of this study. 

The primary thermal management techniques for low temperature operation are spray cooling, 

pool boiling (immersion cooling), forced convection boiling (or flow boiling), and jet 

impingement cooling. This report which is the fourth annual report for the contract F33615-91- 

C-2152 focusses on spray cooling, pool boiling, and flow boiling. 

Spray cooling was chosen as the first area of research because of its capability in removing 

large quantities of heat at very low liquid flow rates. Experiments were conducted for various 

spray cooling conditions using liquid nitrogen. The results of the experiments have been 

presented in previous annual reports for the contract [1-3]. Recently a new model for critical 

heat flux in spray cooling was developed. That model and the resulting correlations are presented 

in this report. 

Pool boiling is the other heat transfer technique which is of great interest due to its simplicity. 

However, there are some concerns regarding the application of pool boiling in electronic devices 

containing multiple heat sources in confined geometries. In order to design compact devices, it 

is important to know the space limitations of the pool boiling technique. Thus, the second part 

of this study deals with the behavior of multiple heater arrays in liquid nitrogen and the influence 

of a confined space. 

Flow boiling is another thermal management technique that has good potential in the cryogenic 

cooling area. The flow boiling characteristics of liquid nitrogen from discrete heat sources (as 

in electronic cooling) have not been studied previously. Hence, the last part of this study deals 

with the investigation of geometrical effects on the flow boiling characteristics of liquid nitrogen. 



2.   OBJECTIVES 

The overall objective of this study is to obtain information on the heat transfer characteristics 

under conditions of cryogenic cooling in various modes. Also, the suitability of these heat 

transfer modes to aerospace applications has to be evaluated. Due to the lack of suitable design 

correlations/models, experimental studies have to be undertaken to evaluate the heat transfer 

characteristics of liquid nitrogen under pool boiling in complex geometries, spray cooling, forced 

convection boiling, and jet impingement. This would be followed by the development of design 

correlations for these modes of cooling. Finally, the applicability of these techniques to 

electronic cooling has to be demonstrated. 



3. BACKGROUND 

The electronic systems envisaged for operation at LNT fall into two categories. First, the 

superconducting circuits composed of high temperature superconducting (HTS) devices 

(switches, capacitors, inductors, etc.), and second, the hybrid circuits which contain both HTS 

and semiconductor devices. There are numerous applications for both types of circuits. These 

two configurations and their applications are discussed in the following sections. 

3.1 Superconducting Circuits 

Superconducting circuits will consist of HTS devices (logic gates, inverters, memory cells, 

etc.) with superconducting interconnects [4]. Almost all of the functions performed in high 

performance electronics can be done by a superconductor circuit [5]. However, superconductor 

circuits cannot handle high power levels; also, there are no superconducting rectifiers, and 

semiconductors make better amplifiers and mass memory devices. The main applications of HTS 

circuits will be 

• High speed digital logic and memory: gate speeds under 10 ps are easily achievable using 

Josephson junctions [4,5] thus allowing the development of faster supercomputers; 

• Far infrared/high frequency radar detection: with circuits employing Josephson junction 

device mixers, very-low-noise high-frequency detection (over 100 GHz) is possible with 

the only limitation being the Heisenberg uncertainty principle [4,6,7]; 

• Magnetic field sensors: very sensitive magnetometers and voltmeters made using SQUIDs 

(superconducting quantum interference devices) have application in magnetic field 

geophysical exploration and biomagnetic studies of the human body; and 

• Superconducting-coil magnets and motors: superconducting-brushless-ac motors can be 

used in various applications. 

3.2 Superconductor/Semiconductor Hybrid Circuits 

MOS semiconductor devices show a marked improvement in performance as the operating 

temperature is lowered [5,8,9]. Furthermore, the thermal conductivities of semiconductor 

substrates and packaging materials (silicon, germanium, beryllium, alumina) are seen to increase 

dramatically as the temperature is lowered to LNT  [10].  The main advantages of low 



temperature operation are increased electron and hole mobilities, lowered interconnection 

resistivities, reduced leakage currents, greater subthreshold slope, and reduction in thermal 

noise. One of the possible applications of low temperature electronics will be in high efficiency 

ac/dc, dc/ac and RF power conversion at the multikilowatt level. As mentioned earlier, 

superconducting circuits are not capable of handling high power levels. Hence, MOS field effect 

transistors (MOSFETs) can be used with high Q inductors and capacitors made from HTSs to 

obtain the zero voltage switching circuits suitable for power conversion applications [9]. Such 

an integration will result in a drastic size and weight reduction. The efficiency of these circuits 

improves greatly at low temperatures due to the dramatic reduction in the on-resistance of power 

MOSFETs. However, the efficiency of these circuits depends greatly on the Q values of the 

inductors and capacitors used in the circuit. Hence, it is necessary to use HTSs for these 

components to obtain the maximum efficiency. Another application of hybrid circuits is the high- 

frequency receiver-signal processor [5]. Here, the devices best suited for each component of the 

circuit are used. Thus, a combination of superconductor and semiconductor devices provides a 

high performance circuit. In industry and transportation, the HTS ac motors employing 

MOSFET controllers have a variety of applications. The HTS-ac motors have been successfully 

tested recently and will be commercially available in the near future [11]. At the same time, 

locomotive engines using natural gas (stored at 110 K in liquid form) have been developed [12]. 

These two can be combined, with the liquefied natural gas acting as the coolant for the HTS 

motor and MOSFET switches, to produce a highly efficient and clean locomotive engine. 

3.3 Thermal Management Issues 

A cursory examination of heat transfer requirements in superconducting circuits may lead one 

to believe that due to the very nature of superconductivity heat dissipation would not be a 

problem. However, a closer examination reveals how ill-founded that notion is. The main 

components in a superconducting circuit are the high-speed low-power switches, the Josephson 

junctions (also called Superconductor-Insulator-Superconductor devices, SISs) [5,7]. The main 

advantages of these devices are the low gate delay times and low power dissipation; these 

features in combination will allow much higher device packing density compared to 

semiconductor circuits. However, the thermal management aspect of superconducting circuits 

at LNT has been of concern lately. A typical SIS working at 4.2 K has a power dissipation of 



50 kW/m2; however, for operation at 77 K, the same device may have a heat dissipation 

approaching 6000 kW/m2 [13]. Obviously, this level of heat dissipation cannot be handled by 

common heat removal techniques. Hence, there are two options available for the thermal 

management of HTS circuits: 

1. Immersion cooling (pool boiling) in liquid nitrogen (LN2) with low device density 

packaging employing heat spreaders; and 

2. High heat flux cooling with LN2. 

The first option cannot be expected to handle device heat dissipation above 500 kW/m2. This 

is because the pool boiling critical heat flux for LN2 is only about 160 kW/m2 (calculated using 

Zuber model [14]). Hence, even with good heat spreaders, the overall device dissipation could 

not be expected to be more than 2-3 times this amount. Thus, immersion cooling will mean 

larger, and thereby slower, devices. This may not be a concern in some applications. However, 

for high speed digital applications, device sizes have to be kept as small as possible to minimize 

the distance travelled by the signal. In those cases, the second option of using a high heat flux 

cooling technique would be much more preferable. 

The superconductor/semiconductor hybrid circuits are inherently more prone to thermal failure 

due to the presence of high heat dissipation transistors in the vicinity of superconducting 

elements. It is not possible to thermally isolate the superconductor and semiconductor elements 

because the interconnections themselves serve as thermal bridges. The successful operation of 

hybrid circuits depends on the ability of the cooling system to maintain the superconducting 

elements below their transition temperature. Hence, it is essential that the cooling system is 

capable of removing high heat fluxes from discrete locations (MOSFETs) to prevent any hot 

spots and the resultant system failure. Again, in this case, the choices are similar to the ones 

mentioned before. 

Thus, the thermal management scenario in low temperature electronics consists of either using 

direct immersion pool boiling with heat spreaders, or, a high heat flux cooling technique. For 

the high heat flux situation, spray cooling is the technique which is of most interest because of 

its low liquid flow rate requirements. Low temperature spray cooling consists of subjecting the 

heat sources with a high speed spray of low temperature liquid. The two thermal management 

scenarios described above are shown in Figure 3.1. As shown in the figure, both scenarios 

require a refrigerator/condenser unless the low temperature liquid is available in abundance (as 
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Figure 3.1  Low Temperature Cooling Scenarios. 
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in the case of stored liquefied fuel). The spray cooling scenario will also require a pump for 

cases where a high pressure liquid is unavailable. 

The main concern regarding these techniques is the lack of information about the heat transfer 

characteristics of cryogens under the particular conditions described above. Liquid nitrogen was 

selected as the cryogen for the heat transfer studies due to its suitability for both HTS and MOS 

devices. The heat transfer characteristics of spray cooling with liquid nitrogen were not 

available. Also, no general correlations were available for spray cooling. Thus, the spray cooling 

part of this study dealt with determining the heat transfer characteristics and obtaining suitable 

correlations. As mentioned earlier, the experimental data have already been presented in 

previous reports [1-3]. In this report, a new critical heat flux model and the resulting 

correlations are presented in Section 4. In case of pool boiling, the available correlations deal 

with simple situations only (e.g., single heater in an unconfined pool of liquid nitrogen). 

However, the conditions in electronic cooling are far more complex due to the interaction of 

various heaters and lack of space. Thus, the pool boiling part of the study dealt with the effects 

of multiple heat sources and confined space. The pool boiling study is presented in Section 5. 

The flow boiling study focusses on the liquid nitrogen flow boiling characteristics from discrete 

sources in a narrow rectangular channel. This study is in the early stages, and therefore, only 

the background and the experimental design are presented in Section 6 of this report. 



4. CRITICAL HEAT FLUX IN SPRAY COOLING 

4.1 Introduction 

Although spray cooling has been used in industry (in continuous casting process, metal cutting 

process, etc.), the applications have typically involved very high surface temperatures (beyond 

the Leidenfrost temperature). At such high temperatures, the liquid cannot wet the surface. The 

momentum of the spray droplets enables them to get close to the surface and thus permits higher 

heat fluxes compared to direct immersion in the liquid. Hence, most of the research has 

traditionally focussed on spray cooling regime beyond the Leidenfrost temperature [15,16]. 

However, this regime is not of interest in electronic cooling because the device temperature has 

to be maintained low (typically < 85 °C). 

Another regime of spray cooling which has been of interest in the past is the low spray density 

mist cooling. This form of spray cooling occurs when the number of droplets hitting the surface 

is small enough to prevent any interaction between the individual droplets. Thus, the heat 

transfer essentially occurs by evaporation/boiling in the thin liquid discs deposited by the 

droplets. The heat transfer phenomena in this case have been studied by Bonacina et al. [17]. 

This form of spray cooling is very efficient (i.e., almost all the liquid hitting the surface 

evaporates) but does not permit very high heat fluxes. 

The high heat flux regime of spray cooling occurs when a dense spray is subjected upon a hot 

surface whose temperature is a few degrees above the saturation temperature of the liquid. 

Recently, significant research has been carried out for this form of low superheat high heat flux 

spray cooling. Chang et al. [18] have demonstrated the thermal management capability of spray 

cooling in MCMs. Pais et al. [19] showed that the efficiency and power input capabilities of 

laser diodes increase dramatically under spray cooled operation. 

As with most processes involving phase change, the phenomena involved in spray cooling are 

very complex and not easy to model. Hence, most of the research has focussed on experimental 

investigation of the process [20-27]. 

Spray cooling can be broadly divided into two categories depending on the mode of spray 

generation: 

1) Pressure atomization, where the high pressure liquid is atomized by the pressure differential 

across a nozzle. 
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2) Secondary gas assisted atomization, where a stream of high velocity secondary gas helps in 

atomizing the liquid into very fine spray; e.g. air brush. 

The difference between the spray cooling physics for the two methods is caused by the presence 

of the secondary gas flow superimposed on the spray for the second method. Monde [21], Pais 

et al. [23], and Yang [25] among others, have studied spray cooling with an air atomizing 

nozzle. Studies employing pressure atomization have been reported by Toda [20], Choi and Yao 

[22], Cho and Wu [26], and Tilton [27] among others. 

All of these studies have tried to deal with many aspects of spray cooling. However, all the 

studies focussed on a single liquid. In this study a semi-empirical general correlation for spray 

cooling is obtained using the macrolayer dry-out model. In the following sections this model and 

the correlation are discussed. 

4.2 Experimental Evidence 

Figure 4.1 shows the typical heat transfer characteristics for both modes of spray cooling. The 

characteristic curve for spray cooling with an air atomized water spray is shown in Figure 4.1(a) 

[25]. The curve can be divided into three clear regimes (shown in the figure): 

I) Single phase forced convection region marked by low heat transfer coefficient. 

II) Two phase boiling/evaporation region where the heat transfer coefficient is very high. 

III) The flattening of the curve leading to dry-out at critical heat flux (CHF) (note: hereafter, 

dry-out of the surface and CHF are used synonymously). 

The second part of the figure, Figure 4.1(b), shows the characteristic curve for spray cooling 

with pressure atomized water [27]. On comparing the two curves in Figure 4.1, it can be seen 

that the CHFs and heat transfer coefficients for the air atomized spray cooling are comparable 

to pressure atomized spray, although the liquid flow rate is more than 10 times lower. Although, 

the first case has a higher subcooling (80 °C compared to 5-10°C for the second case), the 

sensible heating can only account for a maximum of 1500 kW/m2 (assuming the entire liquid 

flow is heated to the same level of subcooling as the second case). 

Figure 4.1 shows that spray cooling permits exceptionally high heat transfer coefficients and 

CHFs for very low mass flow rates. Heat transfer coefficients higher than 2x105 W/m2.K are 

easily obtained with water spray cooling. This is a tenfold improvement over pool boiling. 

Similarly, CHFs 5 to 10 times higher than pool boiling are achievable. 
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Some researchers have maintained that the CHF in spray cooling occurs due to the surface 

temperature approaching the Leidenfrost point [28,29]. However, as seen from Figure 4.1, the 

surface temperature is lower than the Leidenfrost temperature for water (about 150 °C). This is 

consistent with numerous other studies (e.g. References 20, 22, 23, and 24). Another point 

which can be noted from Figure 4.1 is that the CHF occurs although sufficient liquid is being 

supplied to the surface (i.e., some of the liquid goes unevaporated at CHF). Thus, the quantity 

of liquid supplied is sufficient to sustain a much higher heat flux. 

In spray cooling, usually there is some splashing of the incoming spray. In most cases, the 

liquid loss due to splashing is relatively low. However, a study conducted by Tilton [27] to 

determine the cause of CHF found that as the heat flux was increased, the amount of liquid 

splashing off also increased dramatically. This was based on experimental measurements of the 

liquid influx and efflux obtained by a phase Doppler particle analyzer. Near CHF, the heat flux 

was found to correspond almost exactly to that expected from an energy balance assuming 

complete evaporation of the net liquid influx. Tilton attributed the increased splashing to the 

effect of bubbles bursting in the liquid film. The vapor inside the bubble escapes with a high 

velocity when the bubble breaks. Consequently, the liquid forming the upper layer of the bubble 

is expelled in this process. The escaping vapor may also entrain some incoming spray droplets. 

In a study following the Tilton study [27], Yang [25] found only a slight increase in liquid 

splash off with heat flux. However, this was probably due to the fact that Yang used an air- 

atomizing nozzle. The strong air flow field entrains any droplets and inhibits splashing normal 

to the surface. Since only the liquid flux normal to the heated surface (near the center of the 

heater) was measured in Yang's study, any splashing liquid carried away by the stagnation air 

flow field was missed. Thus, Yang's observations were not necessarily contradictory to Tilton's. 

The increased splash off could be due to two reasons: first, the bubbles bursting and expelling 

liquid as suggested by Tilton, and second, droplets entrained by escaping vapor. A simple 

calculation shows that for water, the average vapor velocity would only be 4.5 m/s at a heat flux 

of 6xl06 W/m2 (assuming all ensuing vapor flows normal to the heater surface). Since the 

droplet velocities are much higher (ranging from 10 to 50 m/s), it is unlikely that the vapor flux 

causes any significant entrainment. The first condition, where the bursting bubbles expel liquid 

from the film, is much more likely. Sehmbey et al. [24] suggested a macrolayer dry-out model 

based on this theory. This model and the resulting semi-empirical correlation is presented in the 
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following section. 

4.3 Macrolayer Dry-Out Model 

The macrolayer dry-out model for boiling systems was developed by Haramura and Katto 

[30]. They suggested that the CHF in boiling occurs when a thin macrolayer which is present 

below a large vapor bubble dries out before the vapor bubble can escape. The hypothesis for the 

dry-out condition for spray cooling is presented in Figure 4.2. As shown in the figure, the dry- 

out condition occurs in the following sequence: 

1) increasing rate of bubbles production in the liquid film gives rise to a larger vapor bubble 

(which may last for only a few microseconds due to the high rate of bombardment by 

spray droplets) 

2) this vapor bubble is broken due to an impinging droplet (or due to the excessive internal 

pressure) and the liquid forming the upper layer of this bubble is blown away by the 

vapor flow 

3) the incoming droplets continue to wet the rapidly drying out surface. The dry-out will 

occur if the incoming droplets cannot wet the whole surface before the macrolayer dries. 

The second stage of the process is supported by the observations of Tilton [27] mentioned 

earlier. The third condition is also supported by experimental evidence presented by Sehmbey 

et al.[24]. They showed that the CHF was a power function of the area wetted by the spray per 

unit time. This means that the CHF is a function of the rate of area wetted by the spray, not the 

overall liquid flow rate. 

The dry-out condition can be written in mathematical form as Equation 4.1. Here 8 stands for 

the initial macrolayer thickness, dd represents the average diameter of the disc formed by an 

impinging droplet (dd= ßd20, where jS is the spreading ratio), and N is the number of droplets 

hitting a unit area per unit time. Thus, Equation 4.1 represents a balancing of the time required 

to wet a unit area and the time required to evaporate the macrolayer of thickness 8 initially 

present on that area. 

1   Pi5hfg 

N(4d/) % 
(4.1) 

The difficulty in the application of the macrolayer dry-out model lies in the estimation of the 
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Figure 4.2 Macrolayer Dry-Out Model for CHF 

initial thickness of the macrolayer. Haramura and Katto [30] obtained the macrolayer thickness 

based on the Helmholtz instability criterion for the vapor stems existing in the macrolayer. 

However, this situation does not seem very likely for very high heat flux cases. This is because 

the Helmholtz instability criterion indicates a very thin macrolayer (less than a micrometer thick 

if the Haramura and Katto model is used) for the heat fluxes encountered in spray cooling. 

Vapor stems (and instability in those short stems, if they exist) in such a thin macrolayer seem 

unlikely. Another model for initial macrolayer thickness was proposed by Kumada and Sakashita 

[31]. Their model is based on the lateral coalescence of the vapor bubbles on a heated surface. 

They obtained the initial thickness of the macrolayer based on a number of dimensionless 

parameters. However, their model resulted in a very involved expression (containing a number 

of empirically determined indices) for macrolayer thickness. An attempt to use their model for 

obtaining a general correlation for spray cooling CHF was not successful. In this study we use 

dimensional analysis to obtain the initial macrolayer thickness. 

The macrolayer is formed by the lateral coalescence of small bubbles which go on to form 
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a bigger vapor layer which may exist for a very short time. Following the dimensional analysis 

of Kumada and Sakashita [31], and considering only the significant dimensionless parameters, 

the initial macrolayer thickness can be written in nondimensional form as Equation 4.2. The 

initial macrolayer thickness is related to the thickness of the liquid layer present below each 

individual bubble which finally make up the vapor layer. The first term on the right-hand side 

represents the ratio of the surface tension forces (which tend to keep the bubbles spherical) to 

the inertial forces (which act due to the rapid growth of the bubble and tend to keep the bubble 

in semispherical shape). The second term represents the density ratio, or the ratio of the mass 

A = cf   °Rb   ffPl)J (4-2) 
b plKbub     Vy 

of liquid displaced by an equal volume of vapor. The terms ub (the velocity of the bubble 

surface), and Rb (average radius of the bubbles which coalesce to form the larger bubble below 

which the macrolayer exists) are unknown. Regarding Rb, it should be noted that 8 should not 

be dependent on Rb. This is because the CHF for different surface conditions was found to be 

almost the same at very different superheats. This means that the macrolayer thickness was 

similar although the nucleation conditions (and thereby the number of bubbles) were quite 

different. Thus, <5 should be independent of Rb. As most of the surface area is covered by 

bubbles prior to CHF, the velocity of bubble surface can be considered to be proportional to the 

rate of vapor production per unit area; i.e., we can write: ub= Ci.qc"/pvhfg. Substituting this 

value of ub in Equation 4.2 and recognizing that 8 should be independent of Rb, we can obtain 

Equation 4.3 which has only two unknown quantities j and Q. 

6= C2 
°/pvhfgfYPi)J (4.3) 

^Pil qj7 ' ApJ 

Substituting 5 from Equation 4.3 into Equation 4.1, we obtain the general form of the CHF 

correlation, Equation 4.4. The unknowns ß and C2 are absorbed in C3. This equation requires 

PA 
°.Ndi'   ' Pl 

^Pl I     VPV' 

data for only two different liquids (i.e., two values of the density ratio) for obtaining k and C3. 
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Here, the data for LN2 and water were used. Both of these data sets involved horizontal heaters 

of 1 cm2, the heater surface for the water study was square, while that for the LN2 study was 

circular. The data from the R113 study were not used in developing the correlation since that 

study was performed on a vertically oriented surface [26]. It has been reported by Choi and Yao 

[22] that the CHF in spray cooling is dependent on the surface orientation. They found that the 

vertically oriented surface exhibited higher CHFs. There are very little data available for vertical 

surfaces; therefore, we limit this correlation to horizontal surfaces only. The probable reasons 

for higher CHFs from vertical surfaces are discussed later. The final correlation for CHF, 

obtained using LN2 and water data, is shown in Equation 4.5. The comparison of the correlation 

to various data is shown in Figure 4.3. 

(4.5) 

It should be noted that the spreading ratio ß was assumed to be constant. This proved to be 

suitable for the range of data considered here, but it may not hold for very low droplet Weber 

numbers (all cases considered in this study had droplet Weber numbers exceeding 100). In the 

range of data considered in this study, no correlation between ß and the droplet Weber number 

could be found. Another point which can be noted is that the form of this correlation 

corresponds almost exactly to that obtained if Haramura and Katto's model for initial macrolayer 

thickness is used. 

Although the R113 data were not used in obtaining the correlation, the data are only higher 

than the correlation by about 30%. This agrees with the fact that for a vertically oriented 

surface, the CHF is higher. The other data points are quite well compressed within a ±20% 

band. The reason for a vertical surface having higher CHFs is difficult to determine. It could 

be due to a number of reasons, among them: a vertical surface may have a thicker macrolayer; 

or, the liquid feed due to gravity may influence the CHF; or, some of the liquid blown away 

by exploding vapor bubbles may be re-entrained in the spray due to the horizontal orientation 

of the spray. 
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Cho and Wu [26] had successfully correlated their CHF data to the spray velocity. In fact, 

regarding all the data considered here, it is worth noting that the spray velocity, v, correlates 

the individual liquid data for LN2 and R113 reasonably well (water data show only a weak 

dependence on v). However, the degree of dependence on velocity is different for each liquid, 

and thus, no general correlation involving the spray velocity was as successful as Equation 4.5. 

Furthermore, no theoretical basis for correlating spray cooling CHF with the spray velocity 

could be found; whereas, the CHF model presented before is quite reasonable. 

Figure 4.3 shows the comparison of the correlation to various data including data for the air 

atomizing nozzles used in past studies. It should be noted that although only two data sets [24, 

27] were used in deriving this correlation, it shows good agreement to the data sets of Toda 

[20], Cho and Wu [26], Pais et al. [23], Sehmbey et al. [32], and Yang [25]. 

It should be noted that the only spray parameter needed for this correlation is the Sauter mean 

diameter, d32. This can be calculated from correlations provided by Lefebvre [33]. It should be 

noted that the exponent of d32 in the correlation is only 1/3. This means that even a +100 % 

error in d32 would only cause a 26% error in the predicted CHF value. 

Referring to Figure 4.3, the data sets which involved air-atomized water spray (the last three 

sets), the trend shows some deviation from the correlation. This is due to the presence of the 

stagnation air flow field. The air flow field has a two fold effect. First, it will encourage the 

reimpingement of droplets blown away by the bursting bubbles. Secondly, it may increase the 

spreading ratio of the impinging droplets. Both of these factors cause the deviation from the 

correlation. The following section deals with the adjustments required for applicability to air 

atomized sprays. 

4.4 General Correlation 

In order to accommodate the effect of the air flow field, we introduce the nondimensional 

stagnation pressure, Ps/Pa, which is the ratio of the pressure at stagnation point of the air flow 

field to the ambient pressure. The main effect of the stagnation flow field is to create a 

squeezing force on the droplets hitting the surface (thereby increasing the spreading ratio ß). As 

the stagnation pressure increases, this squeezing force will increase. Similarly, the possibility 

of the blown off liquid reimpinging the surface increases as the air velocity (proportional to the 

stagnation pressure) increases. Thus, the term Ps/Pa was selected as the representative parameter 

16 



w 

p 

er 

D    '             / " o Water [27] 

/                            / Liquid Nitrogen [24] 
/                            /                                     / 

D R113 [26] 

30%, /Q    X A Water [20] 

/        /           / o Air-Water [25] 

/       , '-30% 
A 

♦ 

Air-Water [32] 

Air-Water [23] 

2  ,     N!/3,        ,      ,0.5 . 
0.31(crNd20 /Pl)      (p//ov)     ,    m/s 

Figure 4.3  Comparison of Data to Equation 4.5 

10 

for the overall effect of the stagnation air flow field. 

In most cases involving air atomizing nozzles, the nozzle to surface distance is more than 2 

times the surface diameter (or length). In these cases the stagnation point pressure can be 

considered as the representative pressure for the flow field on the entire surface. The stagnation 

point pressure of the flow field was not measured in any of the studies. However, the stagnation 

point pressure of the flow field should be very close to the stagnation pressure in the nozzle 

since the nozzle was only 22 mm (approximately) away from the surface for all these studies. 
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Hence, the upstream air pressure can be substituted for the stagnation point pressure without a 

significant error. However, due to this approximation, the resulting correlation cannot be applied 

to situations where the distance between the nozzle and the surface is very large or where the 

surface is large and the nozzle is very close to the surface. 

Introducing the nondimensional pressure ratio Ps/Pa and determining the unknown exponent 

using data from the three sets involving air-atomized spray, we can write the general correlation 

for spray cooling CHF as Equation 4.6. 

PAg VPl J     W    VPa; (4.6) 

where, 
^2     6.V 

n.d^ 

In order to simplify and nondimensionalize this correlation, we substitute for Nd20
2 and divide 

both sides by V. Rearranging the equation gives Equation 4.7 which shows the maximum 

efficiency of spray cooling (i.e., ratio of the CHF to the maximum possible heat removal) for 

saturated liquid. The comparison of this correlation to the data is shown in Figure 4.4. 

*"   -aW    "    WPVYW- (4.7) 
Pivhfg        V

P,V
2

<V w 
s 

^J 

If we consider saturated liquids only, the maximum possible efficiency (as defined earlier) is 

expected to be 1.0. However, in most cases, there is some liquid loss due to splashing and some 

of the spray hitting outside the heating surface (near the edge). From Figure 4.4, it can be seen 

that the efficiency of the last three data sets (air atomized sprays) is very high. In most of these 

cases (i.e., the air atomized sprays), the liquid spray was in a subcooled state. This means that 

the Y axis does not really represent true efficiency (since subcooling is not accounted for). 

However, the subcooling can only cause a 10-20% deviation in these cases (this can be seen 

from Reference 32 where highly subcooled and almost saturated liquid were compared). The 

subcooling was not taken into account for this correlation for reasons explained later in this 

paper. Thus, even though subcooling accounts for a small part of this high efficiency, the air 
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atomized sprays are generally much more efficient as compared to pressure atomized sprays. 

This is due to the fact that air atomized sprays can be produced from very low liquid flow rate 

and consist of very fine droplets (i.e., very low d32). 

As seen from the figure, the maximum deviation from the correlation is about 30% (for the 
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Figure 4.4 Comparison of General Correlation to Data 

data of Cho and Wu [26]). The agreement of all the data to the correlation is quite good 

considering that some parameters (which differed in these studies) are not included in the 

correlation. These parameters and the reasons for excluding them are discussed in the following 

subsections. 
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4.4.1 Spray Nonuniformity 

Most practical sprays have a large degree of nonuniformity in area coverage (i.e., the liquid 

flux on some areas is much greater than others). Unfortunately, there is little that can be done 

about this since all practical modes of spray generation lead to some form of nonuniformity. 

None of the studies have quantified this parameter. Thus, this correlation was based on an 

assumption of uniform spray distribution. 

4.4.2 Liquid Subcooling 

Some of the data sets considered here involved subcooled liquid. This was not taken into 

account while formulating the correlation due to two reasons. First, some studies did not report 

the subcooling [26]. Second, the data for subcooled liquids are insufficient for a satisfactory 

correlation. Thus, the correlation is mainly valid for slightly subcooled or saturated liquids. 

4.4.3 Surface Properties 

The surface roughness may have some influence on CHF in spray cooling with air atomizing 

nozzles. This was reported in studies by Pais et al. [23] and Sehmbey et al. [32]. The effect of 

surface roughness is not easy to quantify and the data on the effect of surface roughness are 

difficult to interpret. The reader is referred to Reference 24 for a better discussion on the effects 

of surface roughness. Here, it suffices to say that the CHF correlation presented here should be 

valid for normal surfaces (average roughness Ra in the range of 0.1-0.6 /im). 

Along with surface roughness, the oxide layer on the surface is an important factor. In most 

boiling systems, the presence of oxide layer can elevate the CHF substantially. All the studies 

considered in this paper used copper heating surfaces which were cleaned prior to each 

experiment. Thus, the presence of oxide layer in these cases could be ruled out. 

4.4.4 Surface Material Properties 

The thermal diffusivity of the heated surface is another property which influences CHF. 

Grigore'v and Dudkevich [29] studied spray cooling of LN2 on different surfaces (unfortunately, 

they give no information on the liquid flow rates and spray parameters). They found that the 

CHF increased as the thermal diffusivity decreased. The increase in CHF was as much as 50% 

when comparing a silver surface and a steel surface. As mentioned earlier, all other studies used 

20 



copper heaters, therefore, there are no additional data on these effects. 

4.4.5 Heater Size 

The heaters in the studies considered here varied from 81 mm2 to 330 mm2. This a relatively 

small range of sizes. Hence, there was no apparent effect of the surface size. However, 

according to the dry-out model presented earlier, a large surface would allow the blown off 

liquid to return to the heater surface. This may increase the CHF for large surfaces. It is not 

clear that this effect would be significant given the fact that the returning liquid droplets would 

be very slow and may be entrained in the vapor flow. The surface size at which this effect would 

become significant is not known. 
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5. POOL BOILING FROM A VERTICAL HEATER ARRAY IN A CONFINED 

SPACE IN LIQUID NITROGEN 

5.1 Introduction 

Though extensive studies have been conducted on pool boiling of LN2, they have mostly 

featured conventional pool boiling situations, i.e., single heat transfer surface in a pool of liquid 

[34,35]. The situation in most electronic equipment, however, is a series of discrete heat sources 

which may interfere with the boiling phenomena on each other. Some researchers have 

speculated that the bubble layer generated by the presence of numerous heat sources on a vertical 

plate may create less favorable boiling conditions for the upper heaters [36]. However, the 

recent study conducted by Chui et al. [37] to study these effects in LN2 pool boiling showed that 

the heat transfer from the upper heaters was in fact enhanced when a lower heater was 

operating. In that study, the space in front of the heater array was large enough to prevent any 

distortion of the flow field. However, if the space in front of the array is reduced significantly 

such that the vapor flow from the lower heaters is forced against the upper heaters, a different 

result may be expected. 

The effect of a very limited space in front of a heated plate in pool boiling with water has 

been studied in great detail by Fujita et al.[38]. They showed that as the space in front of the 

plate was reduced to below 2 mm, the critical heat flux (CHF) decreases while the heat transfer 

coefficient generally increases. This is because the pressing of the vapor bubbles against the 

heater permits a very thin film to exist between the vapor and the heater surface which in turn 

causes the heat transfer coefficient to increase. At the same time, the decrease in space causes 

greater resistance to liquid/vapor flow, thereby reducing the CHF. However, Fujita et al. studied 

the pool boiling behavior of only a single heater with water. 

A few studies dealing with vertical arrays in pool boiling were also found. You et al.[39] 

studied pool boiling heat transfer in room-temperature gas-saturated FC-72 from a 3 x 3 array 

of 5 mm x 5 mm heaters. A confining plate was placed in front of the array at a distance of 2.3 

mm. They found that boiling from a lower heater resulted in a decrease in the superheat 

overshoot (associated with boiling incipience in highly wetting liquids) at the upper heater. They 

found no consistent trend in the effect of lower heater on the heat transfer coefficients from the 

upper heaters. Also, they did not observe any significant effect of the lower heater on the CHF 
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from an upper heater. Another study, by Polentini et al.[40], involved nucleate boiling 

investigation from a 3 x 3 array (each heater 12.7 mm x 12.7 mm) in an enclosure containing 

FC-72 with two cold plates (maintained at 25 °C, 20 K below saturation temperature), one 

opposite to the heater array and one on top. They reported a 15% increase in heat transfer 

coefficient from the middle heaters when the array was vertically orientated. This was attributed 

to bubble pumped convection. However, the uppermost row of heaters had a lower heat transfer 

coefficient. This was attributed to vapor accumulation near the top of the array. Although they 

did not study the CHF conditions in detail, they reported that the CHF generally occurred at one 

of the heaters in the lowest row. 

In these studies, the spacing in front of the heaters (s) was not changed. Thus, there is a lack 

of information on the effect of s on heat transfer from an array of heaters. 

This study was undertaken to investigate and quantify the effect of s in pool boiling from a 

vertical heater array in LN2. In addition, data was obtained for single heat source for 

comparison. The following sections provide a description of the experiments and the results for 

the areas of interest. 

5.2 Experimental Setup and Procedure 

This study involved experiments for pool boiling heat transfer from a 3 x 3 vertical array of 

heaters. Figure 5.1 shows the heater array; the heaters are mounted flush to the surface of the 

plate. The bare chip size in electronics range from 5 mm x 5 mm to a few hundred square mm. 

The CHF in pool boiling from vertical surfaces in LN2 is around 1.45xl05 W/m2. This heat flux 

is modest, and therefore, many chips operating at LN2 temperature will require heat spreaders 

much like those in use for room temperature operation. Hence, the size of the heaters was 

chosen close to the commonly used chip sizes; each heater in the array was 21.6 mm x 17.4 

mm. The heaters have a sandwich construction. An oxygen-free copper heater block with an E- 

type thermocouple soldered at the center is soldered onto a ceramic substrate which has a thin 

resistor film deposited on its other face. Thus, the heat is provided by the film resistor and the 

temperature at the center of the heater is measured by the E-type thermocouple. The details of 

heater construction are provided in Reference 10. 

Nine of these heaters were mounted flush to a thin stainless-steel plate which was bolted onto 

the heater module casing. The heaters were insulated on the back with closed-cell foam 
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Figure 5.1 Heater Array 

insulation. A low conductivity epoxy provided the seal between the stainless-steel plate and the 

copper heater blocks. The heater and thermocouple leads pass through an opening in the back 

of the module. The feedthrough hole is thoroughly sealed with closed cell foam to prevent liquid 

leakage into the module. The power input to each of the heaters could be individually controlled. 

The heater module allows for the installation of an acrylic plate facing the heaters. Four spacers 

(at each edge) serve to maintain a uniform space in front of the heaters. The space between the 

heater plate and the confining plate could be varied by using spacers of different thicknesses. 

Figure 5.2 shows the details of the experimental setup. Experiments were conducted in a 

seamless glass (borosilicate) cylinder with an inner diameter of 190.5 mm, and a height of 254 

mm. It contained a pool of LN2 during the experiment. To prevent heat transfer from the 

environment, and allow for visualization of the boiling phenomena, this cylinder was placed 

inside another glass cylinder with inner diameter 240 mm. During preliminary experiments, it 
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was seen that the cool-down time for the whole system was too long. Hence, a 150-mm-ID 

borosilicate beaker was placed inside the inner chamber, the whole chamber filled with LN2 and 

the heater module placed in the beaker. After this adjustment, the liquid pool inside the beaker 

became stagnant very quickly and this allowed for more efficient operation. The experiments 

were conducted at atmospheric pressure. The opening on top of the chamber (50 mm in 

diameter) allowed for liquid refilling, heater and thermocouple wire feed-through, and vapor 

exhaust. The vapor exhaust flow was always enough to prevent any back-flow of room air (and 

moisture) into the chamber. Thus, any ice formation inside the chamber was avoided. 

Instrumentaion Lines- 

Foam 
Insulatiofr- 

Heater 
Module 

,Port for LN2 Supply 

Vacuum Pump-out Port 

150mm ID Beaker 

Vacuum Insulation 

Acrylic Plate 

Heater Array 
Spacer 

Inner Chamber 

Outer Chamber 

Figure 5.2 Experimental Setup 

Before collecting each set of data, the heater surfaces were cleaned with dilute hydrochloric 

acid and deionised water to remove any oxides. The surface roughness of the heaters was 

measured by a surface profilometer. All the surfaces had average roughness Ra of around 0.15 
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Prior to putting the heater module in the experimental chamber, a specific gap for the 

confining plate was set by installing the appropriate spacers. For each plate spacing, two types 

of experiments were conducted. First, the heat transfer characteristics for the whole array were 

determined. This was done by applying the same voltage across each of the resistance heaters 

and slowly increasing the voltage till CHF was observed on any of the heaters in the array. CHF 

was evidenced by a rapid increase in temperature for that particular heater. After each step 

increase in voltage, sufficient time was allowed for all the temperatures to reach a steady state. 

The second type of experiments involved determining the heat transfer characteristics of 

individual heaters. This was done in a similar manner except for the fact that the voltage was 

applied to only one heater at a time. This way, the heat transfer characteristics of any heater 

while working in the array, or individually, could be determined. 

After each experimental run, the pool of LN2 was replenished to maintain a constant level. 

The decrease in liquid level during an experiment was never more than 2-3 cm. During the 

experiment, all data, such as heater temperature and power dissipation, were collected by an 

IBM PC 386 through a programmed Hewlett Packard 3852A Data Acquisition/Control Unit. 

Since the heater module and the heaters were rectangular, experiments were conducted for 

both vertical orientations to investigate the influence of inter-heater distance and heater 

dimensions. In addition, the reproducibility of the data was determined by repeating some of the 

experiments. It was found that the heat transfer curve and the CHF were reproducible within the 

experimental uncertainty limits mentioned in the following section. The only data which were 

not reproducible were the temperature overshoots (typical of highly wetting liquids) prior to 

onset of nucleate boiling when only one heater was operating. 

5.3 Uncertainty Analysis 

The complete details of the uncertainty analysis can be obtained from Reference 10. The 

overall uncertainties are provided here. The uncertainty in measured heat flux q" was less than 

±3%. The maximum uncertainty in superheat Ar was ±0.44 K. The uncertainty in determining 

the CHF qc" was the greater of 2.5x10s W/m2 and ±5%. 

The uncertainty in the spacing s is related to the flatness of the acrylic plate and the heater 

plate along with the uncertainty in the spacer thickness. Taking this into account, this uncertainty 
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was ±0.05 mm. 

5.4 Results and Discussion 

The results for the single heater are discussed first. A set of data was initially obtained without 

the confining plate in place. This served as the reference data set for open pool boiling. A total 

of seven different spacings were tested (5=0.3, 0.7, 1.0, 1.6, 3.2, 4.8, and 6.4 mm). Figures 

5.3 and 5.4 show the heat transfer characteristics for heater 2 (the top heater in the middle 

column) at different plate spacings. Figure 5.3 shows the heat transfer curve for relatively large 

gaps (s > 3.2 mm). At these gaps, the bubble flow is not greatly affected by the presence of 

the confining plate. As seen from the figure, the data at low heat fluxes are nearly identical for 

open pool boiling and for these gaps. However, as the heat flux is increased, the bubble flow 

becomes significant and is forced against the heater due to the presence of the opposing plate. 

This allows heat transfer to occur through a thin liquid layer present between the vapor and the 

heater surface. Thus, the boiling curve for the lower values of s shifts a little to the left at high 

heat fluxes. 

As the confining plate is moved closer, the effect of confined space becomes more evident. 

As the spacing s decreases, the bubbles growing on the surface become deformed and cover 

large areas on the surface. Thus, the initiation of nucleate boiling anywhere on the surface leads 

to high heat transfer coefficients as these deformed bubbles move over the heater and permit 

evaporation across a thin liquid film. As shown in Figure 5.4, the heat transfer coefficient 

increases greatly at low heat fluxes as s is decreased below 1.6 mm. In the study by Fujita et 

al. [38], they observed that the boiling curve shifts to the right when the spacing is reduced to 

0.15 mm. They attributed this decrease to the fact that most of the heater surface dries out very 

early and the heat transfer takes place mainly at the heater edges. This shift (to the right) in the 

boiling curve was not observed in the present study. 

As the heat flux is increased, the deformed bubbles due to different sites coalesce. As these 

coalesced bubbles begin to cover most of the surface, the heat transfer coefficient begins to 

stabilize. This causes the slope of the curves to decrease at higher heat fluxes. The narrow 

spacing slows down the vapor removal and liquid supply, thereby lowering the CHF. Thus, the 

CHF value decreases dramatically as s is decreased. At a spacing of 0.3 mm the CHF is just 
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Figure 5.3 Heat Transfer Characteristics for Large s 

3.2xl04 W/m2 (compared to 1.45xl05 W/m2 for unconfmed pool boiling). 

5.4.1 Effect of Heater Position 

The behavior of other heaters operating alone was qualitatively similar to the results shown 

in Figures 5.3 and 5.4. However, the lower heaters had higher CHFs for the two smallest gaps 

(s= 0.3 and 0.7 mm). This is due to the lower distance between the heater and the lower edge 

of the confining space. This decreases the length the liquid has to travel through the narrow gap 

in the upward direction to get to the heater. Figure 5.5 shows the comparison between heater 
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Figure 5.4 Heat Transfer Characteristics for Small s 

2 (top of the middle column) and heater 8 (bottom of the middle column) for two different 

spacings for the short orientation. As shown in Figure 5.5(a), the two boiling curves are nearly 

identical for s= 1.0 mm. At s— 0.7 mm (Figure 5.5(b)), the heat transfer curves are still close. 

However, the CHF for the lower heater (heater 8) is about 25% higher. For 5=0.3 mm (not 

shown here), the CHF for heater 8 was nearly 50% higher than heater 2. 

The middle column of the array was the main focus of the study because its behavior would 

be close to the behavior of an inner column in a larger array. However, the heat transfer 

characteristics of the heaters in the outer columns were also studied. Generally, the boiling 

29 



curves were quite similar to those presented in Figures 5.3 and 5.4. For the two narrowest 

spacings (5=0.3 and 0.7 mm), the CHFs for the side heaters were up to 15% higher as 

compared to a middle heater in the same row. This is also due to the closeness of one edge of 

the heater surface to the edge of the confining space. 

5.4.2 Effect of Heater Length 

The geometry of the heaters allowed for two values of heater length (17.4 and 21.6 mm). 

There were no significant difference in the heat transfer curves for the two orientations. 

However, the CHFs for heaters in corresponding locations were usually lower for the longer 

heater length at larger values of s (s > 1.6 mm). This is to be expected because longer heaters 

usually show lower CHFs [38]. For the three smallest values of s (s= 0.3, 0.7, and 1.0 mm), 

the CHF does not show any appreciable dependence on the heater length. At these values of s, 

the CHFs for individual heaters in both orientations were within the range of experimental 

uncertainties. 

5.4.3 Heat Transfer from the Array 

The heat transfer characteristics of all the heaters were obtained while the whole array was 

operating. These were compared with the heat transfer characteristics for those heaters operating 

individually. For the two largest values of s (4.8 and 6.4 mm), the heaters in the bottom row 

had the same characteristics as they had when operating alone. At these spacings, the top and 

the middle row heaters had higher heat transfer coefficients at low heat fluxes (less than 2xl04 

W/m2). This is due to the flow field induced by the bubbles generated at the lower heaters. 

As the spacing was reduced, the bottom row heaters started to be affected due to the 

thermosyphon effect and had higher heat transfer coefficients at low heat fluxes. At the four 

smaller spacings (0.7, 1.0, 1.6, and 3.2 mm), all the heaters were affected due to this effect. 

This is shown in Figure 5.6 which is a comparison of heater 2 operating alone, and, with the 

array operating at the same heat flux. 

Here, it should be mentioned that the CHF for the array means that one of the heaters in the 

array dries out when the heat flux is increased beyond this value. For plate spacings larger than 

1.6 mm, the heater to dry out was usually in the lowest row. This is similar to the results 

reported by Chui et al. [37] for unconfined pool boiling. The CHF occurs in lowest heaters 
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because the flow caused by the bubble generation on the lower heaters elevates the CHF from 

the higher heaters. For 5= 1.6 mm, the two orientations of the array gave different results. For 

the tall orientation, heater 4 (top heater in middle column) dried out first. But, for the short 

orientation, a lower heater dried out first. However, for the lowest three values of s (0.3, 0.7, 

and 1.0 mm), the CHF always occurred on the top most heater in the middle column. This 

means that the vapor fraction has more influence on the CHF as the confining space is reduced. 

As shown in Figure 5.6, as 5 is decreased to 1.0 mm, the difference between the heat transfer 

curve for the heater operating alone and in the array becomes less significant. The maximum 

difference between the two curves was for the spacings of 1.6 mm and 3.2 mm. As the spacing 

was reduced below 1.6 mm, the difference between the two cases diminished. For the minimum 

spacing of 0.3 mm, the two curves are essentially the same at lower heat fluxes. However, the 

array has a lower CHF. This is due to the higher vapor fraction at the upper heaters. 

The effect of the high vapor fraction on CHF is not as bad as expected. In fact, the worst 

degradation of CHF was about 30% (for the lowest s in the tall orientation). The CHF data are 

discussed in more detail in the following subsection. 

5.4.4 Critical Heat Flux 

The CHFs for the top heater in the middle column for both orientations of the array are shown 

in Figure 5.7. As mentioned earlier, the CHFs for the tall orientation (longer heater length) are 

slightly lower for plate spacings of 1.6, 3.2, and 4.8 mm. The figures also show that the 

differences in CHF for the array and the heater operating alone are fairly small for both 

orientations. 

In a previous study, Monde et al.[41] proposed a general correlation for CHF from heaters 

in narrow vertical channels. As reported by them, their correlation did not agree with data for 

liquid helium. They did not have access to any data for LN2 in similar geometry. Thus, their 

correlation was untested for LN2. The correlation is in nondimensional form with the CHF being 

proportional to 1/(1 + C(l/s)) (C depends on the liquid). The ratio l/s has been used by many 

researchers in the past to correlate the CHF data from heaters in confined spaces. It has been 

shown that for l/s lower than 10, the CHF is similar to that in unconfined pool boiling. For 

higher values of l/s, a number of empirical correlations (usually limited to the liquid of interest) 

have been proposed [41]. 
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The general correlation derived by Monde et al. [41] is mainly applicable to a single vertical 

heater with a similar size confining plate opposite to it with the periphery closed on the sides. 

The main geometrical parameter in the correlation is the heater length to the spacing ratio l/s. 

However, in this study, the heater sizes were considerably smaller than the size of the confined 

area and the confined area had an open periphery. In this case, the correlation does not work 

very well if the heater length is used in the ratio. This is because the liquid has to go through 

a long narrow gap before reaching the particular heater. In addition, the vapor also has to escape 

through a narrow gap longer than the heater length. These factors are not accounted for in the 

aforementioned correlation. However, since the focus of this study was on the behavior of the 

array, it is more useful to obtain a correlation for the array CHF. 

For heater arrays, usually the worst case prediction of CHF can be obtained by assuming that 

the entire array forms a single heater with a uniform heat flux. In the present study, this would 

mean that a worst case CHF for the array can be obtained by substituting the vertical length of 

the confined array (L) in place of heater length (/) in the CHF correlation. Referring to Figure 

5.1, L would be 95.3 mm for the short orientation and 114 mm for the tall orientation. Using 

the length L, the correlation of Monde et al. can be written as Equation 5.1. However, the effect 

of the open side periphery is not taken into account in this correlation. 

g"/pA =  0A6  (5 1} 

(og(prPv)/pJ)1/4       l+6.7xlO-4(p,/Pv)°-6(^) 

As shown in Figure 5.8, comparing Equation 5.1 to the data indicates that the correlation is 

quite close to the data for the array CHF. It can be seen that the tall orientation has higher CHFs 

at high L/s ratios (small s) as compared to the short orientation. This is probably due to the 

longer length of the open sides for the tall orientation as compared to the short orientation. This 

allows more liquid to flow in through the sides, increasing the CHF. 

Surprisingly, some data points are in fact lower than this worst case correlation. Although 

the trend of the data follows the correlation, the values predicted seem too high. 

As L/s approaches zero, this correlation should correspond to unconfmed pool boiling 

correlations. Thus, it should be able to predict the CHF data for unconfmed pool boiling from 

vertical heaters. But, this correlation overpredicted the unconfmed boiling CHF for LN2 by about 

30%. Thus, it appears that the constant 0.16 in the correlation should be lower. The correlation 
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of Lienhard and Dhir [42] which has this constant equal to 0.12 correctly predicted the CHF for 

unconfmed pool boiling in the present study. Hence, a more conservative equation for CHF from 

a confined vertical array in LN2 should have the constant equal to 0.12. 

Finally, the results from the study may be summarised as follows: 

(1) The heat transfer coefficient at lower heat fluxes generally increased as the confining plate 

was moved closer than 3.2 mm. The CHFs on the other hand decreased rapidly below a spacing 

of 1.6 mm. The increased heat transfer coefficient is due to the deformation of the bubbles 

which permits evaporation across a thin liquid film. 

Correlation of 
Monde et al.  [14] 
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(2) For spacings of 0.3 mm and 0.7 mm, the CHFs from heaters closer to the bottom and side 

edges of the confining space were higher than the top and the middle heater in the middle 

column. The bottom heaters had substantially higher CHFs (up to 50% higher at s= 0.3 mm) 

as compared to heaters in the top row. The heaters in the side columns had up to 15% higher 

CHFs compared to the middle column. 

(3) At spacings of 0.7, 1.0, 1.6, and 3.2 mm, the heat transfer coefficients from each heater 

operating in the array were higher as compared to those heaters operating individually. This was 

attributed to the thermosyphon effect. This effect is prominent at low heat fluxes. This effect 

diminishes below a spacing of 1.6 mm and was negligible for the smallest spacing (0.3 mm). 

(4) The CHFs for the array were comparable to those for heaters operating alone. At spacings 

larger than 1.6 mm, the CHF in the array usually occurred at one of the lower heaters. At lower 

spacings, the vapor fraction at the top heaters became a factor and the CHF always occurred at 

the top heater in the middle column. 

(5) Monde et al.'s [41] general correlation for CHF from heaters in narrow vertical channels 

correlated the data quite well for the array if the vertical length of the array was substituted in 

place of the heater length. 
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6. FLOW BOILING OF LIQUID NITROGEN FROM DISCRETE HEAT SOURCES 

6.1 Introduction 

The main focus of this research is the quantification and visualization of various geometrical 

effects on cryogenic boiling from discrete heat sources in a rectangular channel. Flow boiling 

can be broadly divided into two categories: boiling in continuously heated tubes or channels, and 

boiling from small discrete heat sources in a channel. In the former case, the vapor generation 

is a very important factor in the boiling heat transfer as channel length increases. In the boiling 

from discrete heaters simulating electronic chips (as in this study), the volume of vapor leaving 

the heated surface is generally smaller than bulk liquid flow. Therefore, the effect of vapor 

generation is less important. Most of the past research in flow boiling has been focussed on long 

continuous heated tubes. The research into the flow boiling from discrete sources in rectangular 

channels has received attention only recently with increasing potential for applications in 

electronic cooling. 

This study focuses on the quantification of the critical heat flux (CHF) as well as the heat 

transfer coefficient of flow boiling of liquid nitrogen. The important factors that affect the CHF 

and heat transfer coefficient data are as follows: 

a. Flow channel geometry 

The most critical parameter here is the channel height. The variation of channel height 

changes the flow field inside the flow channel, which will affect the CHF phenomena. 

Moreover, when the channel height is comparable with the dimension of vapor blanket, 

the vapor escape and the liquid supply routes may be blocked, leading to unexpected heat 

transfer and CHF results. As a matter of fact, a new theory about such situations of CHF 

called "thermal drag theory" has been proposed by some researchers recently [43]. 

b. Surface roughness 

When a surface is heated, boiling occurs from discrete sites on the surface called 

nucleation sites. At higher heat fluxes, the number of these sites increases. This regime 

is called the nucleate boiling regime and is the regime of interest because it is the most 

effective. Surface roughness is a key factor affecting the number of active nucleation sites 

and the number of active nucleation sites directly influence the heat transfer 

characteristics. 
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c. Heated surface dimension and spacing 

In an electronic circuit board, the size and spacing of different chips vary quite a lot. How 

the dimensional arrangement affects the boiling heat transfer phenomena is also of great 

interest. 

d. Heated surface protruding, recessed, or flush 

According to previous research, CHF is greatly affected by these parameters, sometimes 

as large as 15% while the chips are only several micrometers protruding or recessed 

[44]. 

6.2 Design Objectives 

In this study of flow boiling, it is critical to design an experimental setup that allows direct 

visualization to the boiling phenomena. There are several models concerning the flow boiling 

CHF mechanism. The most interesting one among them is proposed by Haramura and Katto 

[30]. They speculate that there exists a liquid macrolayer next to the heated surface, beneath the 

vapor bubble (shown in Figure 6.1). The thickness of this macrolayer plays the most critical role 

in the model. However, there is very limited evidence on the existence of this macrolayer and 

very little data on any measurements of its thickness. Thus, some assumptions have to be made 

in its estimation. This leads to inevitable deviation. The other recent model for CHF in flow 

boiling is due to Galloway and Mudawar [45] who observed a wavy liquid-vapor interface 

hovering above the heater. However, the photographic evidence supporting their model is not 

conclusive. Therefore, in flow boiling research at the present stage, careful visualization of the 

phenomena near CHF becomes crucial. 

In addition to the ability of flow visualization, the experimental design should also be capable 

of varying the various parameters described in Section 6.1. The experimental apparatus was 

designed with all these factors in consideration. 

6.3 Experimental Design 

An experiment setup has been designed and manufactured based on the research focus. To 

allow visual access to the boiling phenomena, the setup is made of polycarbonate (a form of 

Plexiglass). Polycarbonate has some good thermal properties like low thermal contraction rate 

compared with other Plexiglasses. It also has high heat resistance, high impact strength and 
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superb machinability. The whole setup consists of three parts as shown in Figure 6.2. The test 

section has three heaters (22 x 22 mm) with embedded thermocouples on the bottom of the flow 
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Channel (see Figure 6.3). The bottom piece of the test section is exchangeable allowing various 

combinations of heater dimensions and spacings. The relative position of the heaters with respect 

to the flow channel floor can also be adjusted in order to make the heaters protruding, flush and 

recessed from the flow channel. The design also lets researchers adjust the channel height freely. 

Outside the test section is a cooling chamber. This chamber is filled with liquid nitrogen when 

the experiment is going on. Its function is to prevent bubble generation because of the heat 

conduction from the setup joints. It also serves to eliminate the heat leak from the ambient in 

form of radiation or conduction/convection. The section further outside is the vacuum chamber. 

During the experiment, vacuum is maintained in the outermost chamber to prevent water vapor 

in the air from forming frost outside the whole experimental setup. The vacuum also provides 

a good thermal insulation for the inner chambers. The liquid nitrogen pressure and the flow 

velocity are controlled by the pressure regulator installed before the test section. The mass flow 

rate of liquid nitrogen is measured after the heat exchanger by evaporating the liquid and 

measuring the gas flow. 

During the experiments, data will be collected from the thermocouples through a Fluke data 

acquisition system linked to a personal computer. The power input to the various heaters will 

be determined by measuring the voltage and the current across the terminals. The simultaneous 

measurements of the heat flux (calculated from power input) and the surface temperature will 

allow the determination of the heat transfer characteristics. 
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7. CONCLUSIONS AND FUTURE PLANS 

The spray cooling charateristics of liquid nitrogen have been reported in previous reports. This 

report presented a new critical heat flux model for the spray cooling process. The resulting 

correlation from the model was very successful in correlating a wide array of data from various 

sources. This correlation is based on the macrolayer dry-out model. The main parameter which 

influences the magnitude of the CHF is the rate of area wetted by the spray. This parameter can 

be increased by having finer spray droplets for the same liquid flow rate (by employing a smaller 

orifice nozzle). Thus, it is possible to obtain very effective heat transfer at very low liquid flow 

rates. The general correlation integrates the two forms of spray cooling (air atomized and 

pressure atomized spray) for the first time. The effects of some important parameters 

(subcooling, spray uniformity, etc.) have been ignored in this correlation due to the lack of some 

pertinent data. Future efforts in obtaining these data should result in a refinement of this 

correlation. At the present time the correlation is valid for saturated liquids sprayed onto smooth 

surfaces. 

The pool boiling characteristics of liquid nitrogen from a vertical heater array in a narrow 

space were studied experimentally. It was found that the CHF decreases very rapidly when the 

spacing in front of the heaters was reduced below 1.6 mm. At a spacing of 0.3 mm, the CHF 

was almost a fifth of the normal CHF. The presence of other heaters in the array did not seem 

to influence the heat transfer charateristics substantially at narrow spacings. The location of the 

heaters had a significant effect on the heat transfer charateristics. At narrow spacings, the heaters 

close to the lower and side edges had higher CHFs. Monde's correlation [41] for CHF from 

heaters in narrow channels was successful in predicting the trend of the data if the array length 

was used in place of the heater length. This correlation, with some minor adjustment can serve 

as a design correlation for a vertical array in confined space. 

The flow boiling of liquid nitrogen from discrete heat sources will be studied with a focus on 

the effects of geometrical parameters on the CHF and the heat transfer characteristics. The 

design and fabrication of the experimental setup is complete and the experiments are in progress. 
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